Streptococcus pneumoniae capsular polysaccharide (CPS) is produced by almost all isolates recovered from cases of invasive disease and is a major virulence factor (84) . It is also a major immunogen, and antibodies directed against the CPS provide protective immunity. Consequently, CPS is the basis of all current pneumococcal vaccines. The serotyping scheme for S. pneumoniae is based on the immunochemical differences between CPS expressed by different strains, which are recognized by their reactivity with a set of typing sera. Currently, 91 different S. pneumoniae serotypes are recognized (31, 64) , some of which show sufficient immunological similarities to be considered related and are placed within a serogroup.
The synthesis and export of bacterial polysaccharides are mediated by three pathways known as the Wzy-dependent pathway, the synthase-dependent pathway, and the ABC transporter-dependent pathway, which have been reviewed recently (77, 86) . The Wzy-dependent pathway is most common in S. pneumoniae capsular biosynthesis, but the synthase-dependent pathway is also found (12, 34, 49, 90) . The ABC transporter-dependent pathway has not been described for S. pneumoniae capsules.
The two known synthase-dependent pathways are present in serotypes 3 and 37 (7, 12, 48) . The synthase-dependent pathway is the simplest, with a single integral inner membrane protein generally thought to be responsible for both the sequential addition of the sugars and the concurrent extrusion of the nascent polymer across the cell membrane. The repeat units with synthase-dependent pathways are generally single sugars, or two sugars may alternate, or one may form the main chain and the other a side branch on each main chain residue. The Wzy-dependent pathway has been identified in 88 S. pneumoniae serotypes, and the cps loci are located at the same site on the chromosome, known as the CPS synthesis (cps) locus, between the dexB and aliA genes (49) . The Wzy-dependent pathway involves the synthesis of the polysaccharide repeat unit on an undecaprenyl lipid carrier (UndPP) and then translocation of this oligosaccharide across the membrane by the Wzx flippase so that the oligosaccharide component, still attached to UndPP, is on the outer face of the membrane, where it is polymerized by Wzy to produce a UndPP-attached polymer ( Fig. 1) (90) .
The sequences of the cps loci from 90 S. pneumoniae serotypes have been presented recently, and the products of the genes present in these cps loci have been classified into 249 groups (homology groups [HGs] ) (12) . The great diversity of these products reflects the chemical diversity of the S. pneumoniae capsules, and we have presented some examples of predictions of functions by correlating gene content with known CPS structure and serology (12) . Recently, we have used similarities in the sequenceweighted gene contents of the S. pneumoniae cps loci to identify closely related cps loci and have related these to their similar CPS repeat units (51) . Here an analysis of the predicted functions of almost all of the 249 HGs encoded by the cps genes of the 90 serotypes is presented, along with the predicted specificity of the transferases that synthesize the CPS repeat units.
MATERIALS AND METHODS
Functional assignment of cps gene products. The sequences of the S. pneumoniae cps loci from all 90 serotypes (GenBank accession numbers CR931632 to CR931722) and the schematic representations of the available CPS structures were those of Bentley et al. (12) , incorporating the revised CPS structures of serotypes 15B, 17F, and 33F (36, 37, 45) . Recently, an immunological variant within serogroup 6 that has a different CPS structure (serotype 6C) has been reported, but as the cps sequence is not available, we do not consider it further (64) . The predicted cps gene products have been placed into HGs, i.e., nonoverlapping groups of proteins showing highly significant amino acid sequence similarity, by using TRIBE-MCL with a TBLASTX cutoff level of 1e Ϫ50 (12) . Genes encoding members of different HGs were assigned different gene names, excepting the polymerase (wzy) and flippase (wzx) genes. The polymerases and flippases fell into multiple HGs but, to maintain prior nomenclature, were each given the same gene name and were sequentially numbered to denote the members of the different HGs (12) . New names for cps genes were assigned in accordance with the Bacterial Polysaccharide Gene Database (68) . Amino acid sequence alignments were performed by using CLUSTAL_X (76) . BlastN and TBLASTX comparisons of the cps loci were visualized by using ACT version 6 and WebACT, an online version of the Artemis comparison tool (1, 17) .
To predict a functional assignment, the cps gene products were classified into FIG. 1. Schematic representation of the biosynthesis of CPS by the Wzy-dependent pathway. The biosynthesis of the CPS of serotype 23F is represented. UDP-linked components of the repeat CPS unit are synthesized by genes encoded within the cps locus or are available from central metabolism (1) . Repeat unit biosynthesis is initiated by the transfer of glucose phosphate to the lipid carrier by the IT WchA (2), followed by sequential addition of the other components of the repeat unit, catalyzed by the GTs (3), and the lipid-linked repeat unit is transferred across the membrane by the Wzx flippase (4) and polymerized by Wzy to result in lipid-linked CPS (5) . Finally, the lipid-linked CPS is linked to the cell wall by a poorly understood process involving the Wzd/Wze complex, with release of the undecaprenyl phosphate carrier (6) . The genes in the representation of the cps locus and their gene products are color coded; a key is given for the repeat unit constituents (modified from reference 12).
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families based on hidden Markov model profiles by using the Pfam database (25; http://www.sanger.ac.uk/Software/Pfam/). If there was no Pfam hit for an HG, the GenBank database (3; http://www.ncbi.nlm.nih.gov/) and the InterPro database (5; http://www.ebi.ac.uk/interpro/) were used for searches of homologs with known function in other organisms. The MetaCyc database (18; http://metacyc .org/) was used for the identification of genes involved in biosynthetic pathways. The genomic sequences of S. pneumoniae R6 (32; GenBank accession number AE007317) and S. pneumoniae TIGR4 (75; GenBank accession number AE005672) were used for the identification of genes involved in the biosynthesis of housekeeping components of the repeat units. The families of glycosyltransferases (GTs) encoded by the S. pneumoniae cps loci were retrieved from the carbohydrate-active enzymes (CAZy) database (20; http://afmb.cnrs-mrs.fr /CAZY/). There were 26 cps gene products that did not possess any known Pfam domain and were annotated as "conserved hypothetical proteins" if they showed weak similarity to products involved in bacterial polysaccharide biosynthesis or else as "hypothetical proteins" (12) . Of these 26 cps gene products, 12 were present in serotypes with known CPS structures and their function could be predicted; 8 were present in serotypes with unknown CPS structures, and the rest were pseudogenes. Assignment of reactions catalyzed by transferases. The approaches used to identify and assign functions to the sugar/polyalcohol phosphate transferases and pyruvyltransferases and for identification of polymerase linkages and initial sugar transferase specificities are described in Results. A number of approaches were used to tentatively assign the linkages catalyzed by the GTs, as follows.
(i) GT-linkage correlation across serotypes. Initially, all known repeat unit structures were broken down into the triplet linkages (donor sugar-linkageacceptor sugar) catalyzed by the GTs, and correlations between the presence of a particular GT gene with the triplet linkages present in the repeat units were made. A perfect correlation between the presence of a GT gene in the cps loci and a single triplet linkage in the CPS of the corresponding structures, that was not found in structures where the gene was absent, corresponded to a strong assignment. This procedure was started with the GT gene (and thus the HG) that was most often present within the cps loci of the serotypes whose CPS structures are known. Having assigned the linkage catalyzed by the most common GT, we repeated the process with the GT gene that is next most common in the cps loci of serotypes with known CPS structures, ignoring all incidences of GT linkages that have already been assigned by linkage correlation. This iterative process was continued to assign the linkages catalyzed by further GTs, eliminating at each cycle the linkages already assigned, until assignments became ambiguous.
(ii) Gene content-linkage comparison between similar serotypes. Comparisons between gene content in very similar cps loci and their CPS structures can also be used to assign linkages. Should two cps loci differ only in a single GT gene and the CPS structures of those serotypes differ only in a single linkage, this can be used to assign enzyme specificity.
(iii) CAZy GT family membership and linkage status. GTs were assigned membership, where possible, to either inverting or retaining GT families based on the CAZy database (20) . Each linkage in the repeat unit is catalyzed by a GT that either retains or inverts the stereochemistry of the donor sugar. Correlating the number of inverting or retaining GTs encoded in the cps loci with the number of inverting or retaining linkages in the CPS structures can in some cases be used to assign specificity. For example, the cps locus of a serotype may encode a single inverting GT, as predicted by CAZy family membership, and the CPS structure contains a single linkage that requires an inverting GT. We can therefore assign the specificity of the inverting GT to the synthesis of the inverting linkage.
(iv) Combination of the methods described above. In practice, the methods described above were often used in combination to assign GT specificities. For example, the cps locus of a serotype may possess three GT genes. One of these may have already been assigned by GT-linkage correlation and another by CAZy membership and linkage status. The third GT can then be assigned to the remaining linkage.
RESULTS AND DISCUSSION
S. pneumoniae capsules synthesized by the synthase-dependent pathway. The type 37 synthase (Tts) directs the synthesis of serotype 37 CPS with a glucose main chain and an additional glucose side branch in each repeat unit (47, 48) . The synthase gene of serotype 37 is not located within the cps locus, but a defective type 33F cps locus is present between dexB and aliA (12, 48) . In the serotype 37 strain sequenced by Bentley et al. (12) , the defective type 33F cps locus has frameshift mutations in the wciC and wciG genes and a stop codon in glf, compared to the cps locus of a serotype 33F isolate (GenBank accession no. CR931702).
The type 3 synthase (WchE; also known as Cap3B) directs the synthesis of serotype 3 CPS with glucose and glucuronic acid alternating (7, 82) . WchE transfers glucose (Glc) from UDP-Glc to phosphatidylglycerol to form glucosephoshatidylglycerol, which serves as a primer for the addition of Glc and glucuronic acid (GlcA) (15, 26) , and UDP-sugar substrate concentrations modulate the polysaccharide chain length (80) . The type 3 synthase gene is within a defective cps locus along with three genes (ugd, galU, and pgm, also known as cap3A, cap3C, and cap3D, respectively) involved in the synthesis of sugar precursors (6, 12) .
S. pneumoniae capsules synthesized by the Wzy-dependent pathway. Excluding putative transposase genes, there are 1,502 cps gene products encoded by the cps loci of the 88 S. pneumoniae serotypes whose capsules are synthesized by the Wzy-dependent pathway ( Table 1) . As mentioned previously, the cps loci of the 88 pneumococcal serotypes that use the Wzy pathway include the polymerase (wzy) and flippase (wzx) genes, and although their gene products fall into a number of different HGs, they can be readily identified by homology searches and by their characteristic hydrophobicity patterns, providing a useful predictor of the presence of the Wzy-dependent pathway (12) .
There are also four conserved genes (wzg, wzh, wzd, and wze) at the 5Ј end of all S. pneumoniae cps loci that use the Wzy pathway (see the next section) (12, 34, 49, 90) . The cps loci also include genes whose products are involved in the biosynthesis of nonhousekeeping components (cps-specific biosynthetic pathway genes; see below), initiation of capsule biosynthesis (initial sugar transferase genes), and transfer of sugars or other moieties and their assembly in the repeat unit (GT, acetyltransferase, sugar phosphate transferase, and pyruvyltransferase genes) ( Fig. 1) (12) .
Processing, regulation, and export of S. pneumoniae capsules. The highly conserved wzg, wzh, wzd, and wze genes (also known as cpsA, cpsB, cpsC, and cpsD, respectively) at the 5Ј end of the cps locus are known to be involved in the processing, regulation, and export of CPS (56) . These four genes constitute a regulatory system for CPS production via tyrosine phosphorylation of Wze (CpsD) (10, 56, 59) , and recent findings suggest that this mechanism is important for attachment of the CPS to the cell wall (58) .
Biosynthetic pathways for precursors of S. pneumoniae capsules. The precursors for the known components of the repeat units are all thought to be transferred from nucleotide diphospho (NDP) derivatives, with the exception of O-acetyl and pyruvate moieties, which are transferred from acetyl coenzyme A and phosphoenolpyruvate, respectively ( Fig. 2 and 3 ). We consider first those CPS components for which NDP derivatives are generally present in S. pneumoniae because they are used for other pathways (housekeeping components); as expected, genes for these pathways are not present in the cps loci. Thirtysix of the pneumococcal CPS structures are unknown, and there could be additional housekeeping components besides those mentioned below. Genes should be present within cps loci for the biosynthesis, from available intermediates, of activated forms of the sugars or other CPS components that are not normally present in S. pneumoniae (nonhousekeeping or CPS-specific components). If some of the eight cps gene products without assigned functions (see Materials and Methods) are involved in biosynthetic pathways, there could also be additional nonhousekeeping components.
(i) Housekeeping components. There are no gene products present in the S. pneumoniae cps loci for the biosynthesis of seven components in the known CPS structures (glucopyranose, Nacetylglucosamine, galactopyranose, N-acetylgalactosamine, 2-acetamido-4-amino-2,4,6-trideoxy-D-galactopyranose, ribitol-phosphate and phosphorylcholine), and their precursors are presumably available for CPS synthesis from S. pneumoniae general metabolism. The first four are known to have UDP derivatives as precursors, whereas CDP-D-ribitol-5P and CDP-choline are the precursors for ribitol-phosphate and phosphorylcholine, respectively.
The genes expected for the synthesis of six of these components are present in the S. pneumoniae genome, and the biosynthetic pathways are well documented (68, 70) , as shown in Fig. 2 . There are also genes for a putative pathway for the other component, UDP-2-acetamido-4-amino-2,4,6-trideoxy- (9, 38, 40) . Glucopyranose (Glcp) and galactopyranose (Galp). UDPGlcp is the precursor of Glcp, synthesized from Glcp-6P (Fig. 2 ) in two steps catalyzed by the cellular phosphoglucomutase Pgm and UTP-Glc-1P uridylyltransferase GalU (14, 54) . Although these two genes are present on the pneumococcal chromosome (14, 30) , they also are present within the type 3 cps locus but can be deleted, presumably due to this redundancy, and type 3 CPS synthesis depends mostly on the chromosomally encoded Pgm activity (29) .
Exogenous galactose can be used for the synthesis of UDPGalp via the enzymes galactokinase (GalK) and Gal-1P uridylyltransferase (GalT) (27, 88) . UDP-Glcp can also be converted to UDP-Galp by UDP-Glc-4-epimerase (GalE) (28) . Putative carbohydrate-specific ABC transporter genes and the galE, galT, and galK genes are present in the S. pneumoniae R6 genome (GenBank accession no. AE007317). Therefore, S. pneumoniae should be able to use exogenous galactose, although this has not been shown experimentally.
N-Acetylglucosamine (GlcpNAc). Fructose-6P (Fru-6P) is housekeeping in S. pneumoniae as part of the glycolytic pathway ( Fig. 2) and is a substrate for the synthesis of N-acetylglucosamine-1-phosphate (GlcNAc-1P); the first two steps of FIG. 2 . Biosynthetic pathways of housekeeping components of S. pneumoniae CPS. Putative pathways are denoted by a dotted line, and the constituents of the repeat units are underlined. Glk, glucokinase; Pgi, glucose-6-phosphate isomerase; Pgm, phosphoglucomutase; GlmS, L-glutamine-D-fructose-6-phoshate amidotransferase; GlmM, phosphoglucosamine mutase; GlmU, UDP-N-acetyl-glucosamine pyrophosphorylase; GalU, UTP-glucose-1P uridylyltransferase; GalE, UDP-N-acetylglucosamine-4-epimerase/UDP-glucose-4-epimerase; RblA, ribitol-5-phosphate dehydrogenase; RblB, D-ribitol-5-phosphate cytidylyltransferase; AatA, UDP-GlcNAc 4,6-dehydratase; AatB, UDP-4-keto-6-deoxy-D-glucose 4-transaminase; ChoT (also known as LicB), choline transporter; ChoA (also known as LicA), choline kinase; ChoB (also known as LicC), cholinephosphate cytidylyltransferase. Spr numbers refer to the annotation of the S. pneumoniae R6 genome sequence. the pathway are catalyzed by L-glutamine-D-Fru-6P amidotransferase (GlmS) and phosphoglucosamine mutase (GlmM). The two genes appear to be present in the S. pneumoniae genome (spr0245 and spr1417, respectively; 32). The resultant GlcpN-1P is converted to UDP-GlcpNAc in a two-step reaction by the bifunctional enzyme GlmU, which possesses a pyrophosphorylase and an acetyltransferase domain (74) . The latter sugar is also the substrate for the synthesis of some CPS nonhousekeeping components (Fig. 3) .
N-Acetylgalactosamine (GalpNAc). A specific UDP-GlcpNAc-4-epimerase (Gne) is required for the conversion of UDPGlcpNAc to UDP-GalpNAc in Escherichia coli and Yersinia enterocolitica (11, 83) . For a long time, it was assumed that GalE, a UDP-Glc-4-epimerase, was also a UDP-GlcpNAc-4-epimerase. FIG. 3 . Biosynthetic pathways of nonhousekeeping (CPS-specific) components of S. pneumoniae CPS. Putative pathways are denoted by a dotted line, and the constituents of the repeat units are underlined. All gene products are encoded within the cps loci, excepting ribulose phosphate 3-epimerase (Rpe), which is chromosomally encoded and marked by an asterisk. Ugd, UDP-glucose 6-dehydrogenase; Gla, UDP-galacturonate 4-epimerase; Glf, UDP-galactopyranose mutase; MnaA, UDP-N-acetylglucosamine-2-epimerase; MnaB, UDP-N-acetylmannosamine dehydrogenase; FnlA, steps 1 and 2 of UDP-FucNAc synthesis; FnlB, steps 3 and 4 of UDP-FucNAc synthesis; FnlC, step 5 of UDP-FucNAc synthesis; RmlA, glucose-1-phosphate thymidylyltransferase; RmlB, dTDP-D-glucose 4,6-dehydratase; RmlC, dTDP-4-keto-6-deoxy-D-glucose 3,5-epimerase; RmlD, dTDP-4-keto-L-rhamnose reductase; Mnp1, putative nucleotidyltransferase (NDP-mannitol pathway); Mnp2, putative reductase (NDPmannitol pathway); RbsF, putative epimerase/dehydratase (NDP-ribose biosynthesis); Gct, CDP-glycerol biosynthetic protein; Gtp1-3, NDP-2-glycerol pathway; Abp1, putative nucleotidyltransferase (NDP-arabinitol pathway); Abp2, putative reductase (NDP-arabinitol pathway).
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It is now recognized that there are three classes of GalE-like proteins (33), i.e., epimerases that preferentially catalyze the conversion between UDP-Glcp and UDP-Galp (group 1), epimerases that do not show a preference for either UDP-Glcp/UDPGalp or UDP-GlcpNAc/UDP-GalpNAc (group 2), and epimerases that preferentially convert between UDP-GlcpNAc and UDP-GalpNAc (group 3). Several S. pneumoniae capsules contain GalpNAc, but none of their cps loci have a galE/gne homolog. Nevertheless, Spr1460/NP_346051 (GenBank accession numbers AE007317 and AE005672), encoded within the S. pneumoniae genome, is closely related to the Y. enterocolitica AAC60777 and Bacillus subtilis NP_391765 enzymes, which are known to epimerize both UDP-Glc/UDP-Gal and UDP-GlcNAc/UDP-GalNAc. We conclude that Spr1460 is the product of a group 2 galE gene responsible for the synthesis of GalNAc in teichoic acid and CPS and Gal in CPS in the absence of exogenous galactose.
2-Acetamido-4-amino-2,4,6-trideoxy-D-galactose (AAT-Galp).
The uncommon sugar AAT-Galp is a component of the CPS of S. pneumoniae serotype 1, of S. pneumoniae lipoteichoic and teichoic acids (38) , and of Streptococcus mitis biovar I teichoic acid (13) . It is also found in the Bacteroides fragilis capsules, the Shigella sonnei form I antigen (where it is called 4n-D-FucNAc) and Plesiomonas shigelloides serotype O17 antigen (21, 72, 87) . To the best of our knowledge, these are the only occurrences in bacteria. As the latter three species lack teichoic acids, one might expect the AAT-Galp pathway genes to be present in the polysaccharide biosynthetic loci and there are indeed appropriate genes that correlate with the presence of AAT-Galp, and this made it possible to propose a biosynthetic pathway.
In S. sonnei, the proposed pathway for UDP-AAT-Galp (87) involves a dehydratase (WbgZ) that converts UDP-GlcpNAc to 4-keto-6-deoxy-D-GlcpNAc, and then an amino group is added at carbon 4 by an aminotransferase (WbgX) to give UDP-AAT-Galp. Finally, as AAT-Galp is assumed to be the initial sugar of the repeat unit, UndPP-AAT-Galp is produced by WbgY. In the case of S. sonnei, all three genes are present in the O-antigen gene cluster, whereas in the case of B. fragilis, the gene encoding the WbgZ homolog is located elsewhere on the chromosome (21, 87) . Presumably, it is involved in other biosynthetic pathways and this would not be surprising as NDP-4-keto-6-deoxy sugars are often branch points in NDPsugar biosynthesis (70) .
In pneumococci, the AAT-Galp biosynthetic genes should be chromosomally encoded due to the presence of AAT-Galp in teichoic acid, and in the serotype 1 cps locus there are no gene products for UDP-AAT-Galp synthesis. The products of spr0092 and spr1654 in the S. pneumoniae R6 genome (32) are equivalent to WbgZ and WbgX of S. sonnei, respectively, which we are renaming aatA and aatB to reflect their probable role in the synthesis of UDP-AAT-Galp for both teichoic acids and the serotype 1 capsule (Fig. 2) .
Phosphatidylcholine (Cho-P). The CPS structures of serogroup 15 (excepting 15A), serogroup 32, and serotype 27 have been reported to include Cho-P (38), although this is now in some doubt for serogroup 15 (36; see below). Cho-P is also a component of teichoic and lipoteichoic acids in S. pneumoniae (38, 40) . Choline is required for growth, but S. pneumoniae is unable to synthesize choline, obtaining it from its human host.
This requirement for choline means that it is always available for CPS synthesis if needed. Genes for the uptake of choline and synthesis of the precursor of Cho-P (lic genes) have been identified in several bacteria (73) and studied in Haemophilus influenzae (85) . They were first recognized to be in S. pneumoniae by Zhang et al. (91) and are in the genome as licB, licA, and licC, which we have renamed choT (choline transporter), choA (choline phosphorylation), and choB (conversion to CDP-choline), respectively, to reflect their role in choline transport and CDP-choline synthesis (Fig. 2) .
Ribitol-phosphate (Rib-ol-P). CDP-D-ribitol-5P is the precursor for the addition of D-ribitol-5P, which is also a constituent of teichoic acids and hence available for pneumococcal CPS synthesis (40) . In H. influenzae, CDP-ribitol synthesis is catalyzed by the bifunctional enzyme Bcs1 in a two-step reaction (93) . In B. subtilis, two separate genes, tarJ and tarI, encode a reductase that converts ribose-5P to ribitol-5P and a cytidylyltransferase that converts ribitol-5P to the precursor CDP-ribitol, respectively (44) . The products of spr1148 and spr1149 in the S. pneumoniae R6 genome show a high level of sequence similarity to TarJ and TarI of B. subtilis, and as these pneumococcal homologs should have the same function, we name them rblA and rblB, respectively, to reflect their role in the synthesis of the ribitol-5P precursor (Fig. 2) . Note that the single report of ribitol-1P in types 11B and 11F (38) appears to be a case of a different name for ribitol-5P.
(ii) Nonhousekeeping (CPS-specific) components. There are 14 components in the known S. pneumoniae CPS biochemical structures that are not available from general metabolism and for which the biosynthetic genes are found in the pneumococcal cps loci (Fig. 3) . Many of the genes discussed below are also found in polysaccharide biosynthetic loci of other species. There are well-documented pathways from a number of bacterial species for the synthesis of the NDP-linked precursors of rhamnose, galactofuranose, glucuronic acid, galacturonic acid, N-acetylmannosamine, N-acetylmannosaminuronic acid, N-acetylfucosamine, N-acetyl-L-pneumosamine, and glycerol-1-phosphate (70) , and in pneumococci the relevant genes are always present intact in the cps locus when the sugar is present in the structure (12) . The pathways for the remaining components are less well documented, but the allocation of cps genes to these pathways seems secure from the correlation between the presence of a particular gene(s) and these components in the CPS.
Rhamnose (L-Rhap)-rmlA, rmlB, rmlC, and rmlD. Rhamnose is present in 23 CPS structures, and all of their cps loci contain the four rml genes for synthesis of the precursor dTDP-rhamnose (34) (Fig. 3) . The gene order (rmlA, -C, -B, and -D) is always the same in S. pneumoniae, but there are incomplete sets of rml genes in a few other serotypes, and where the structure is known they lack rhamnose (12) . For example, the cps loci of types 1 (63) and 24B have frameshifts within the rmlD and rmlC genes, respectively, whereas the cps locus of type 15F has only a partial rmlB and an rmlD gene present. A truncated UDP-galactofuranose biosynthetic gene (glf) and/or remnants of transposase genes are usually present downstream of the rml genes.
Galactofuranose (D-Galf)-glf. The precursor of galactofuranose is UDP-galactofuranose, which is synthesized by Glf from UDP-galactopyranose (34) (Fig. 3) . The presence of an 7862 AANENSEN ET AL. J. BACTERIOL.
intact glf gene correlates with Galf in CPS; however, type 15F is an exception as it has an intact glf gene but there is no Galf in the CPS. There are cases where two copies of the glf gene are present in the cps locus, the second copy being truncated in some cases. Glucuronic acid (D-GlcpA) and galacturonic acid (D-GalpA)-ugd and gla. UDP-GlcpA is the precursor of GlcpA and is synthesized by Ugd from UDP-Glcp (Fig. 3) and then is converted by Gla to UDP-GalpA, the precursor of GalpA (12, 34, 61, 63) . There are 18 cps loci that have ugd, including the type 3 cps locus. Where known, the CPS structures (or CPS constituents) of these serotypes contain GlcpA, with the exception of serotype 1; the latter cps locus has both ugd and gla, and thus serotype 1 contains GalpA rather than GlcpA. (60) (Fig. 3) . Both L-PnepNAc and KDQNAc are uniquely present in type 5, and the need to divert some of the intermediate of the first FnlA reaction to a KDQNAc transferase reaction may explain the much greater sequence divergence between the fnlA gene of type 5 and those of the other serotypes than observed for fnlB and fnlC (data not shown).
UDP-N-acetyl-D-mannosamine (D-
Glycerol-1P (Gro-1P)-gct. The precursor of glycerol-1P is CDP-glycerol, which is synthesized by Gct (34) (Fig. 3) , and the gct gene is present in 13 cps loci. An intact gct gene correlates with the presence of Gro-1P in the CPS of serogroup 18 and types 11A, 11C, and 45, whereas types 11B and 11F have a truncated gct gene and Gro-1P is not found in their CPS, being replaced by Rib-ol-1P.
Glycerol-2P (Gro-2P)-gtp1, gtp2, and gtp3. The gtp1, gtp2, and gtp3 genes are present in the cps loci of serogroups 15, 23, and 28, and their products are thought to be responsible for the synthesis of NDP-2-glycerol (Fig. 3) . Gro-2P is rarely present in bacteria and was originally only reported to be present in types 15A and 23F, with Cho-P replacing it in types 15F, 15B, and 15C (38) . However, recent nuclear magnetic resonance (NMR) analysis indicates that type 15B contains glycerol and not choline (36) . As the earlier NMR spectra of types 15B and 15C were superimposable, this most likely also applies to types 15C and 15F, the reported presence of Cho-P being due to contamination of the CPS with teichoic acid.
The sugar phosphate transferase for Gro-2P is proposed to be encoded by wchX (see below), and the presence of Gro-2P in the CPS of types 15A and 23F correlates with the presence of wchX and gtp1 to -3 in their cps loci (12, 55, 67) . We consider the balance of the evidence to favor the presence of Gro-2P in the CPS of all four serotypes within serogroup 15, as all possess wchX and gtp1 to -3 and there are no differences in their cps loci that would account for the different side groups in the structures reported earlier.
Mannitol-6P (Man-ol-6P)-mnp1 and mnp2. The presence of mannitol-6P in the CPS of type 35A correlates with the presence of two genes (mnp1 and -2), which are also present in the cps loci of types 35C and 42, for which there are no available CPS structures. Mnp1 possesses the PF00483 family domain of NTP-transferases, i.e., enzymes that transfer nucleotides onto phosphosugars. Mnp2 possesses the PF01370 family domain of NAD-dependent epimerases/dehydratases. Mnp1 and Ϫ2 could be responsible for the synthesis of NDPMan-ol-6P from D-fructose-6P by a two-step pathway parallel to that for CDP-ribitol-5P formation from ribulose-5P by TarJ and TarI (see above). The two steps are addition of the nucleoside monophosphate to give NDP-fructose-6P and reduction of the keto group on carbon 2. However, the order of the two reactions is not known and there is no biochemical support for this pathway as yet. The genes will be named mnpA and mnpB in order of function if this proposal is confirmed.
Arabinitol-1P (Ara-ol-1P)-abp1 and abp2. Arabinitol-1P is only reported in the CPS of type 17F. The abp1 and Ϫ2 genes present in the type 17F cps locus encode proteins containing the PF00483 and PF01370 family domains of NTP-transferases and NAD-dependent epimerase/dehydratase family domains, respectively; thus, they are proposed to be involved in the biosynthesis of NDP-Ara-ol-1P. D-Xylulose-5P is produced from ribulose-5P (present as an intermediate of the pentose phosphate pathway) by a ribulose phosphate 3-epimerase (Rpe) (2) , and the rpe gene (spr1797) is present in the S. pneumoniae R6 genome (GenBank accession number AE007317). NDP-Ara-ol-1P is proposed to be derived from D-xylulose-5P in a two-step pathway catalyzed by the products of the abp1 and abp2 genes. As there is no biochemical support for the pathway and the order of the two reactions of the abp1 and Ϫ2 gene products is not known, the genes will be renamed abpA and abpB in order of function if this proposal is confirmed.
The abp1 and abp2 genes are also present in the cps loci of serogroup 24 and types 13 and 48. Of these, only the structure of type 13 CPS is available and contains Rib-ol-5P but not Ara-ol-1P. However, the structure is old and there are no recent NMR data to confirm the presence of Rib-ol-5P rather than Ara-ol-1P. Alternatively, the absence of Ara-ol-1P could be attributed to the sequence divergence of the type 13 abp1 and abp2 genes compared to those present in the other cps loci, but new NMR data are required to address this issue.
Ribofuranose (Ribf)-rbsF. ADP-ribose (ADP-ribofuranose) is believed to be available from the recycling of NAD. It is a (Fig. 1) (77, 86) . This reaction is catalyzed by an initial transferase (IT) and is reversible (66), whereas the reactions of the GTs that add the other sugars are, in practical terms, irreversible. This can be important in the allocation of gene function if an IT is able to transfer more than one sugar phosphate. In such cases, the specificity of the second sugar transferase determines which sugar is incorporated into the repeat unit, as this reaction is irreversible. Determination of the CPS repeat unit structure does not identify which glycosidic link is made by the Wzy polymerase, and repeat units are generally depicted chemically as circular molecules. Identification of the initial sugar (IT specificity) allows us to identify the linkage made by Wzy and to represent the repeat units as they are synthesized on the lipid carrier.
In most S. pneumoniae cps loci, the fifth gene appears to encode the proposed IT (WchA, WciI, WcjG, and WcjH; see below), as each possesses the same Pfam domain (PF02397) (12) ( Table 1 ; see Fig. S1 in the supplemental material). In a few cps loci, the IT gene is not immediately downstream of the fourth regulatory gene (wze) because of the presence of an intervening gene or gene fragment and/or a rearrangement in the order of the first four cps genes. Thus, the gene order differs in the closely related cps loci of types 25A, 25F, and 38 and a defective transposase gene is between wze and wzg. Similarly, there is a defective transposase gene upstream of the IT gene (wciI) in the cps loci of types 12A and 46.
In S. pneumoniae type 1, there is no cps gene product harboring the Pfam domain PF02397 found in other ITs. Furthermore, none of the predicted gene products, other than Wzx and Wzy, have putative transmembrane segments, making it unlikely that the IT is encoded within the serotype 1 cps locus. The constituents of the type 1 CPS repeat unit are an AATGalp and two ␣-D-GalpA residues (38) . The cps locus possesses the first four cps genes (wzg, wzh, wzd, and wze), the wzy and wzx genes, the ugd and gla genes for the biosynthesis of GalpA, and a set of rml genes (as mentioned earlier, rmlD is frameshifted and therefore rhamnose is absent from the CPS) (12, 63) . Type 1 CPS is acetylated, and accordingly, there is also a putative acetyltransferase gene (wchC). The products of the remaining genes (wchB and wchD) both possess the PF00534 domain found in GTs and are presumably involved in the assembly of the trisaccharide repeat unit. Thus, there is no candidate gene that could encode an IT.
As mentioned previously, WbgY in S. sonnei and WcfS in B. fragilis are thought to be the ITs for AAT-Galp (21, 87) , and in the S. pneumoniae genome, there is a WbgY/WcfS homolog (Spr1655; GenBank accession number AE007317) which possesses the PF02397 family domain found in ITs encoded within the other cps loci. Therefore, it is assumed that this chromosomally encoded IT provides the lipid-linked-AAT-Galp required for repeat unit synthesis in serotype 1 pneumococci. Coyne et al. (21) suggested that the pneumococcal WbgY homolog makes lipid-linked-AAT-Galp for initiating teichoic acid synthesis, but AAT-Galp does not appear to be the initial sugar in teichoic acid repeat units (9) . We assume that WbgY is present on the chromosome as there is some other noncapsular pneumococcal polysaccharide that has AAT-Galp as the initial sugar.
WchA. The IT WchA has been shown to transfer Glcp-1P from UDP-Glcp to a lipid carrier in the S. pneumoniae capsules of types 8, 9V, and 14 (42, 65, 78) . The data obtained for serotype 2 (15) made it nearly certain that UndPP is the lipid carrier for initiation of capsule synthesis in pneumococci, as shown for several other bacterial polysaccharides. WchA has been shown to be essential for CPS biosynthesis in S. pneumoniae serotype 8 as unencapsulated variants possess frameshift mutations within wchA (also known as cap8E) (81) . Glucose is assumed to be the donor sugar used by WchA in all of the S. pneumoniae serotypes where this IT is present. This is supported by the observation that glucose is present in the repeat units of all serotypes that possess wchA (see Fig. S1 in the supplemental material). Where there are two glucose residues in the main chain of the repeat unit (serogroup 18, serogroup 32, and serotypes 2, 7B, 8, 20, 9A, 9L, and 9V), the initial sugar can be determined by GT-linkage correlation of the second sugar transferase (see GT section below.)
WciI. Serogroup 12 and serotypes 4, 5, 25A, 25F, 38, 44, 45, and 46 possess the putative IT gene wciI in their cps loci (see Fig. S1 in the supplemental material). Structures are known for types 4, 5, 12F, 12A, and 45, and for type 46 the sugar composition is known. L-FucpNAc is the only sugar common to all of these serotypes, but serotypes 25A, 25F, and 38 lack the L-FucpNAc pathway genes, suggesting that their CPS lacks this sugar. However, all but serotype 5 contain GalpNAc and/or GlcpNAc (serotypes 4, 12F, and 45 contain only GalpNAc, and only GlcpNAc is present in serotype 12A), and a possible scenario is that both GalpNAc-P and GlcpNAc-P can be transferred by WciI. There is a precedent in the IT WecA of E. coli and Y. enterolitica (4, 50, 92) that transfers GlcpNAc-P to initiate synthesis of the repeat unit of the enterobacterial common antigen but also acts as the IT for O antigens in E. coli that contain GlcpNAc or GalpNAc. In the case of WecA, the gene is outside of the O-antigen gene cluster and it is unlikely that WecA itself determines if GlcpNAc or GalpNAc is the initial sugar. However, as already mentioned, the transfer of a sugar phosphate to UndP to give a pyrophosphate linkage is reversible, and it is envisaged that both UndPP-GlcpNAc and UndPP-GalpNAc are formed, the next transferase determining which is permanently incorporated into the repeat unit. The reversibility of the first reaction ensures that no UndP is locked up as UndPP-GlcpNAc or UndPP-GalpNAc if it is not used in further reactions.
Besides correlating the presence of a particular sugar in the CPS repeat unit with the presence of an IT gene (as above), it is in some cases possible to predict the initial sugar (and thus the polymerase linkage) by correlating the nature of the link-ages (either retaining or inverting) in the circularized repeat unit with the proposed nature of the GTs encoded by the cps locus from their CAZy family membership (see Materials and Methods). For example, the repeat units of serotypes 12F and 12A can be depicted as in Fig. 4A . The circular chemical structures each contain six linkages, three main chain and three side branch linkages. Of these six linkages, five are retaining and one is inverting. One of the main chain linkages is the Wzy linkage and if identified would also specify the initial sugar.
Excepting remnant transposases, the cps loci of serotypes 12F and 12A are syntenic and are predicted to encode five GTs, all of which are members of retaining GT families (Fig.  4B) . We can therefore suggest that the single inverting linkage in the circular chemical representation of the repeat unit represents the Wzy polymerization linkage, allowing us to define the initial sugar (and hence WciI specificity) as GalpNAc in 12F and GlcpNAc in 12A and also to define the polymerase linkages (Fig. 4C) . This approach also suggests that GalpNAc is the initial sugar for WciI in serotypes 4 and 45, which is further supported by the presence of FucpNAc as the second sugar (see below).
If GlcpNAc-P and GalpNAc-P are the normal substrates for WciI, we have to account for serotype 5 CPS, which contains only Glcp, FucpNAc, PnepNAc, and KDQNAc, one of which must be the substrate for WciI. As mentioned above, the specificity of the second sugar transferase can determine which sugar is incorporated into the repeat unit.
In all cps loci where wciI is the putative IT gene and FucpNAc is also presumed to be present in the CPS (due to the presence of the fnlA, fnlB, and fnlC genes in the cps loci), the sixth gene encodes the GT, wciJ. In serotypes 25F, 25A, and 38, where wciI is also the putative IT gene but the sixth gene is not wciJ, FucpNAc is not predicted to be present in the repeat unit. Thus, WciJ should be the FucpNAc transferase that transfers the second sugar in the repeat unit. This allows us to infer that the initial sugar in serotype 5 is KDQNAc. Clearly, biochemical studies of WciI are required to evaluate our proposals for the initial sugars in these serotypes. WcjH. The cps loci of serotypes 29, 35F, 39, 43, and 47F possess wcjH, but only the CPS structure of type 29 is available and is similar to that of type 35B. There are differences in the acetylation patterns, due to the presence of an extra acetyltransferase gene (wciG) in type 35B, but apart from these differences, the CPS of types 29 and 35B differ in only one sugar (Galp and Glcp, respectively) and their cps loci have different IT genes (wcjH and wchA, respectively); since WchA transfers Glcp, it seems clear from this comparison that in serotype 29 WcjH transfers Galp.
WcjG. The putative IT gene wcjG is found in the cps loci of serogroup 10 and serotypes 31, 33C, and 47A (see Fig. S1 in the supplemental material), but there are biochemical structures only for 10A, 10F, and 31. Galp, Galf, GalpNAc, and Rib-ol are the constituents of the pentasaccharide backbone of type 10A and 10F CPS, differing only in the anomeric status of Galp (␣ in 10F and ␤ in 10A). Galf, Rhap, and GlcpA are the constituents of type 31 CPS (38), which might suggest that to their products are shown, along with the linkage(s) in the repeat unit structures that they are predicted to catalyze (where an assignment can be made). In some cases, different linkages are assigned to the same GT in different serotypes. The number of times the predicted linkage is found in the CPS of those serotypes where the GT gene is present is shown, as is the number of times the linkage is found in serotypes that do not have the GT gene. The notes in the rightmost column refer to Table S2 in the supplemental material, where the reasons for the GT assignments are discussed. INV, inverting; RET, retaining.
VOL. 189, 2007 FUNCTIONS OF PNEUMOCOCCAL cps GENES 7869
WcjG transfers Galf, but we are not confident in the latter CPS structure in the absence of more recent NMR data (8) . Assignment of sugar specificity to the IT WcjH (see above) is based on a single monosaccharide difference between the two almost identical CPS structures of serotypes 29 and 35B. The second sugar in both of these structures is Galf linked to the initial sugar by a ␤1-3 linkage. Within the cps loci where WchA is the IT, there are six serotypes where the second sugar is Galf ␤1-3 linked to the initial sugar Glcp (17A, 20, 33F, 35A, 35B, and 34). Within the cps of these six serotypes, as well as serotype 29 (IT-WcjG) and serotypes 10F and 10A, the only putative GT gene in common is wciB, which in all cases is the sixth gene in the cps loci. Furthermore, wciB is not found in any other serotype where we have a different second sugar. We can therefore suggest that WciB transfers Galf as the second sugar in the repeat units. Serotype 10F contains a single Galf(␤1-3) linkage to Galp. Serotype 10A contains two Galf(␤1-3) linkages; however, one is a side branch (D-Galf-(␤1-3)-DGalpNAc) and not part of the circular main chain; therefore, we can suggest that Galf is the second sugar and also propose with confidence that WcjG transfers Galp.
Repeat unit polymerases (Wzy) and flippases (Wzx). The repeat unit polymerase (Wzy) and flippase (Wzx) define a polymerization/export process (Fig. 1) , and in polysaccharide biosynthetic loci these genes almost invariably occur together (86) . There is experimental evidence in Y. enterocolitica serotype O:8 that Wzy is strictly specific for the O unit to be polymerized, whereas Wzx has a relaxed specificity for the translocated polysaccharide (11) . However, recently it has been reported that the Wzx flippases involved in biosynthesis of O antigen correlate with the first sugar of the O-specific lipopolysaccharide subunit (50) but otherwise seem to lack specificity at least in the situation where only one potential substrate is available.
There is enormous sequence divergence among the pneumococcal repeat unit polymerases (Wzy), but most have a best match to other Wzy proteins in a BLAST search and have about 10 putative transmembrane segments (12) . The pneumococcal Wzy repeat unit polymerases fall into 40 HGs, which we refer to as Wzy-1 to Wzy-40. For their association with particular ITs, the putative linkages that they catalyze, and the serotypes in which they are present, see Table S1 in the supplemental material. The pneumococcal flippases (Wzx) are similarly divergent but are identified by their similarity to other Wzx proteins in BLAST searches and by having about 12 transmembrane segments (12) . The pneumococcal Wzx flippases fall into 13 HGs (Wzx-1 to Wzx-13), although 40 cps loci encode a Wzx-1 (HG7) flippase, but in pneumococci there is no apparent association between the pneumococcal Wzx HGs and the IT HGs or the putative initial sugars (data not shown).
Following prediction of the polymerase linkage in the 52 known repeat unit structures that are synthesized by the Wzydependent pathway (see above), it can be seen that, in some cases, the same polymerase linkage is formed by members of different HGs (see Table S1 in the supplemental material). Wzy-19 in type 23F. The IT is WchA, and Glcp is present in the CPS structures in all of these cases; therefore, we are very confident in the assignment of the above polymerization linkages.
Assignment of GTs. GTs catalyze the formation of glycosidic bonds between the lipid-linked glycan precursor as an acceptor and a nucleotide-activated sugar as a donor. Thus, GTs determine the sequence of components of the repeat units of polysaccharides and the characterization of the specificity of GTs would enable the prediction of the constituents of repeat units where these are unknown (Fig. 1) (35, 39) .
Functional characterization of pneumococcal GTs is extremely limited, however, and has only been reported for types 8 and 14 (42, 69) . The reaction specificities of the GTs may vary for the acceptor or donor monosaccharide residues and the linkage between them, and there are instances reported where a single nucleotide replacement can alter these specificities (41) . For example, in pneumococci, a single amino acid difference in a GT has been reported to be responsible for the ␣-1,3 linkage of rhamnose to ribitol in serotype 6A but an ␣-1,4 linkage in serotype 6B (52) . Prediction of the linkage catalyzed by a GT is therefore problematic and must be considered tentative until biochemical data are available. However, the sequences of the cps loci of all 88 S. pneumoniae serotypes that use the Wzy-dependent pathway, along with the 52 published CPS structures from these serotypes, present an opportunity to utilize comparative methods to tentatively assign ab initio the linkages within these structures catalyzed by the GTs (see Materials and Methods) and in many cases allow us to assign slightly different linkages to the same HG with some confidence.
Given the great diversity of sugars and sugar linkages among the pneumococcal CPS repeat units, it is not surprising that the GTs form a divergent group of 92 HGs (including three hypothetical proteins, WcwD, WcrT, and WcwX, which we predict to act as GTs), the majority of which fall into three Pfam families (PF00534, PF00535, and PF05704) ( Table 2) . GTs have been classified into CAZy families based on high sequence similarity with one or more founding members of the family with experimentally demonstrated GT activity (20) . Members of CAZy families appear to be either retaining GTs, forming glycosidic bonds with stereochemistry identical to that of the donor sugar (for example, UDP-glucose3␣-glucoside) or inverting GTs which in forming the glycosidic linkage alter the stereochemistry of the donor sugar (for example, UDPglucose3␤-glucoside) (20, 46) . Pfam families were highly correlated with CAZy families (Table 2) , and CAZy family assignment proved a useful contributor to our putative functional assignments, as linkages that are inverting or retaining should be catalyzed by GTs that, from their CAZy family membership, are expected to be inverting or retaining.
The four main methods of assigning GTs to specific linkages are described in Materials and Methods. The linkages tentatively assigned to GTs are shown in Table 2 ; for the basis of these assignments, see the notes to Table S2 in In other cases, GTs can be assigned on the basis of the predicted retaining or inverting status of the GTs encoded within the cps loci and the inverting and retaining linkages in the CPS. For example, the repeat units of serotypes 6A and 6B each contain two GT linkages, of which one is retaining and one is inverting. The cps loci each contain a single gene, wciN, encoding a retaining GT, which is therefore assigned to the retaining linkage, D-Galp(␣1-3)-␣-D-Glcp, in both serotypes 6A and 6B. The inverting GT, WciP, can therefore be assigned to the inverting linkage, L-Rhap(␣1-3)-D-Rib-ol in serotype 6A and L-Rhap(␣1-4)-D-Rib-ol in serotype 6B, as also suggested by a completely different approach (52) . Similarly, the repeat units of serogroup 15 each contain a single retaining linkage (D-Galp-(␣1-2)-␤-D-Galp) and their cps loci each contain a single gene predicted to encode a retaining GT (WchN).
Gene content-linkage comparisons between similar serotypes can also be used to assign GT specificity. For example, the repeat unit structures of serotypes 19B and 19C differ only by the presence of a single D-Glcp(␤1-6)␤-D-ManpNAc side branch in 19C, which can be attributed to the single additional GT gene in the cps locus of this serotype (wchU; see the notes to Table S2 in the supplemental material). Similarly, the cps loci of serotypes 7F and 7A are syntenic and only differ in the presence of a frameshift mutation in the GT gene wcwD in serotype 7A. The CPS structures of both are known and differ only in the presence of an additional D-Galp(␤1-2)␣-D-Galp side branch in 7F, which allows us to attribute the side branch linkage to the action of WcwD. Figure 5 depicts an example where a combination of methods can assign GT specificity and therefore propose a biosynthetic pathway for the repeat unit structures of serotypes 10F and 10A. Following the identification of the polymerase linkage and therefore the initial sugar (see above; Fig. 5B-1) , the three GT genes wciB, wcrC, and wciF (and the ribitol phosphate transferase gene wcrB) are common to both cps loci (Fig.  5A ) and presumably account for the three GT linkages (and the ribitol phosphate linkage, which is 5-P-5 linked in 10A but 5-P-6 linked in 10F; see below) in common in the main chain of the repeat units. The single retaining linkage in the structure, Galp(␣1-2)Rib-ol, can be assigned to the action of the single retaining GT, WcrC (Fig. 5B-2) . WciB has been assigned as the Galf(␤1-3) transferase that adds the second sugar in the repeat unit through GT-linkage correlation, and so we can assign the action of WciF to the remaining D-GalpNAc(␤1-3)␣-D-Galp linkage in the main chain. The side branch linkage Galf(␤1-6)Galp present in 10F but not in 10A can be accounted for by the presence in 10F, but not in 10A, of the GT gene wcrH (Fig. 5B-3 ). The two remaining side branch linkages in 10A can be attributed to the two additional GTs, encoded by wcrD and wcrG (Fig. 5B-4) , which are not found or not intact (wcrD is frameshifted in type 10F) in the cps locus of 10F. The presence of wcrD in other serotypes correlates with a Galf(␤1-3) linkage, and therefore WcrD is assigned as catalyzing this linkage; WcrG, by a process of elimination, catalyzes the linkage of the other Galp(␤1-6) side branch.
Sometimes the evidence for GT specificity can be twofold. For example, the CPS structures of serogroup 11 contain three GT linkages, one inverting and two retaining. The cps loci each contain three GT genes which encode one inverting GT (WchK) and two retaining GTs (WcyK and WcrL). We can therefore assign WchK to the inverting linkage in the structure, and as we have already assigned this link to WchK based on GT-linkage correlation, our confidence in the assignment is further strengthened.
In some cases, the donor sugar appears to differ for GTs in the same HG. For example, WcxB uses two different sugars as donors, GalpNAc in type 12A but Galp in type 12F (12) . Similarly, the donor sugar for WcrL is GlcpNAc in types 11F, 11B, and 11C but Glcp in type 11A, and WciU adds Glcp in types 18B, 18C, and 18F but GlcpNAc in type 18A (Table 2) . There are also instances where the same linkage is present in the repeat units of CPS of different serogroups, but there is no common GT gene in the cps loci, suggesting that GTs of different HGs can catalyze the same linkage. For example, WciT (Table 2; see the notes to Table S2 in the supplemental material). The donor sugar for WcrL is Glcp in type 11A but GlcpNAc in types 11F, 11B, and 11C. Using the methods outlined above, we have been able to assign the GTs that catalyze 145 of the 200 glycosidic linkages in the available repeat unit structures, and in 32 of the 52 structures that use the Wzy-dependent pathway we have been able to assign all of the linkages (110 in total), with the remaining structures containing some linkages that could not be assigned to a specific GT (see Table S2 in the supplemental material) by any of the methods. In some cases, this was due to the presence of a greater number of GT genes than there are GT linkages in the repeat unit; for example, serotype 33B contains four GT linkages but the cps locus encodes five GTs. Conversely, there are instances where there are fewer GT genes in the cps locus than GT linkages in the repeat unit, for example, serotype 7B. In other cases, lack of assignment is due to ambiguous linkage correlation. For example, within the type 12F and 12A repeat units there are three unassigned retaining linkages and within the cps loci three remaining genes that encode retaining GTs, WcxD, WcxE, and WcxF. No CPS structures are available for the other serotypes that contain these genes and therefore there is no method of assigning their specificity.
For a few GTs, the assignments include linkages that are different and in some cases surprisingly so. These merit further study to establish if they are correct and, if so, the basis for the variation in linkage. For example, WcrV is credited with both a ␤(1-4) inverting linkage and an ␣(1-3) retaining linkage.
It has been suggested that the order in which GTs act to synthesize the repeat unit correlates with their order in the cps locus. This study allowed a more systematic examination of this suggestion and showed that the relationship held in 25/32 (78%) cps loci where we could assign all of the GTs (see Table  S2 in the supplemental material), possibly suggesting that GTs might interact as part of a protein complex (22) that synthesizes the repeat unit. However, in this paper we chose not to use this correlation to assign GTs to linkages in those serotypes where this could not be done by any of the methods we have applied, and these unassigned GTs are in parentheses (see Fig.  S1 in the supplemental material) to denote that we could not assign them to the linkages.
Assignment of sugar/polyalcohol phosphate transferases. Most GTs involved in CPS biosynthesis transfer a sugar from the NDP-linked precursor to the lipid-linked acceptor sugar, but there are several cases where there is a phosphodiester linkage and presumably a sugar phosphate is transferred. The polyalcohols Rib-ol, Ara-ol, Man-ol, Gro, and Cho are also incorporated into the repeat units via phosphodiester linkages. The cps loci in each of the above cases have a gene product that falls into one of three Pfam families (PF04464, PF04991, and PF01066), at least some of whose members are known to make phosphodiester linkages ( Table 3) . As most known CPS structures have a single phosphodiester linkage in the repeat unit and a single cps gene encoding a protein in one of the above Pfam families, we can often assign the sugar/polyalcohol transferase.
In some instances, phosphodiester linkages are present in the CPS structures but there were no cps gene products possessing the Pfam domains of sugar phosphate transferases. For example, the CPS structures of types 7B and 20 possess an ␣-Glcp-1P linkage and an ␣-GlcpNAc-1P linkage, respectively, and the wcwK gene is present in both cps loci, but neither WcwK nor any other cps gene product contains one of the above sugar phosphate transferase Pfam domains. The conserved hypothetical protein WcwK is also present in types 7C, 40, and 21, but their CPS structures are unknown. WcwK of type 21 is 95% similar to WefC encoded by the streptococcal receptor polysaccharide gene cluster of S. gordonii, which has been proposed to be the ␣-Gal-1P transferase that forms the phosphodiester linkage in the middle of the repeat unit (89) . Therefore, we suggest that WcwK may function as a ␣-Glcp-1P or ␣-GlcpNAc-1P transferase.
There are two phosphodiester linkages in serogroup 32 CPS, the Cho-P-3-␤-L-Rhap linkage and the ␣-L-Rhap-(1-P-2)-␣-DGalp linkage. The incorporation of Cho is proposed to be catalyzed by WcrN, as in serotype 27, with amino acid differences in this protein accounting for the P-3 linkage in serogroup 32 compared to the P-2 linkage in serotype 27. There are no other gene products in serogroup 32 with the Pfam domains PF04464, PF04991, and PF01066, but there is a conserved hypothetical protein (WcyI) which could function as the second sugar phosphate transferase for the formation of the ␣-LRhap-(1-P-2)-␣-D-Galp linkage. The assignments of the sugar/ polyalcohol phosphate transferases to the phosphodiester linkages in the CPS structures are summarized in Table 3 .
Assignment of acetyltransferases. In this section, we consider only O-acetyl groups as, in general, N-acetyl sugars are transferred from NDP-N-acetyl precursors, each of which has a defined pathway (Fig. 2) , whereas O-acetyl groups are commonly added to sugars by transferases independent of the NDP-sugar pathway. Several studies indicate that the O-acetyl groups in pneumococcal repeat units can be immunologically important, for example, in serotypes 1, 11A, 15F, and 34, whereas they appear not to influence the antibody response in other cases, for example, serotypes 9V and 20 (38, 53) .
There are 78 putative acetyltransferases in the pneumococcal cps loci distributed into two Pfam families, PF01757 and PF00132 (Table 1) . O-acetyl groups are present in many pneumococcal repeat units, but the patterns of acetylation differ considerably, and also the site or the percentage of acetylation for several structures has been revised in recent NMR studies (36, 45) . There is no obvious correlation between the acetyltransferase HG and the pattern of acetylation (data not shown). Frameshifted, inserted, or deleted acetyltransferase genes are also often present in the pneumococcal cps loci, and frameshifting arising from variation in the number of TA repeats in the acetyltransferase gene wciZ has been shown to lead to frequent serotype switching between types 15B and 15C (79) .
Assignment of pyruvyltransferases. Serotypes 4 and 27 have pyruvate moieties in their CPS (2,3-pyruvate and 4,6-pyruvate, respectively, in the S stereo configuration), and marked changes in immunological specificity have been observed by removing these moieties from the repeat units (38) . Only two genes in the S. pneumoniae cps loci (Table 1) elements in the form of conjugative transposons have been previously characterized in pneumococci, but their role in population dynamics is still unclear (62, 71) . They constitute a relatively large proportion (Ͼ3.5%) of the S. pneumoniae TIGR4 genome, where two full-length group II introns and a fragment of the streptococcal conjugative plasmid Tn5252 are also present (75) . In the cps loci studied here, IS630, IS1167, IS1202, IS1381, IS1670, and IS1671 elements were identified (data not shown). Group II intron genes (Table 1 ) are also present in the 5Ј region of serotype 19F and in the 3Ј region of type 25A, 25F, and 38 cps loci. The presence of these elements at the 5Ј end and often at the 3Ј end of the cps locus suggests that they may (or did) have a role in the horizontal transfer of cps loci. However, in the few cases where recent changes of serotype have been examined this has occurred by homologous recombination, usually with crossover points in genes at the ends of, or flanking, the cps locus (19) . Concluding remarks. Biochemical studies of CPS biosynthesis in S. pneumoniae have been limited to serotypes 2, 3, 8, 14, and 37 (15, 16, 29, 42, 43, 47, 65, 69) ; thus, the vast majority of cps gene products have had to be assigned putative functions in the absence of experimental data. Assignment of function has been achieved by using bioinformatic procedures that group similar cps gene products into HGs, by seeking homologs with established functions in the databases, and by identifying domains shared by other proteins (Pfam families). The availability of the full set of cps sequences also allows the presence of particular HGs, members of Pfam families and CAZy families, to be correlated with the structures of the CPS repeat units, which can be particularly effective when comparing cps loci that are very closely related (51) .
The assignment of a general function for cps gene products works well, and there were only 26 of the 1,999 gene products that had no significant database matches or which only matched other proteins of unknown function. The process of assigning specific reactions to the cps gene products also works well in many cases, and the products of biosynthetic pathway genes and most of the ITs, polymerases, sugar phosphate transferases, and pyruvyltransferases could be tentatively assigned specific functions by correlating gene distribution with repeat unit structures. The assignment of the linkages catalyzed by the large number of GTs is more problematic. Rather than simply making predictions based on database matches, we have attempted to develop a rational ab initio approach (see the notes to Table S2 in the supplemental material for the basis for the predicted assignments shown in Table 2 ) as a basis for stimulating further biochemical work that establishes the specific reactions catalyzed by these enzymes.
Assignments of GT specificity by correlation have a number of limitations. For example, they assume that the published CPS structures are correct, which in some instances may not be the case (for example, type 31), particularly with some of the older structures where contamination with other cell wall polysaccharides could have been a problem. Also, correlation of GTs and linkages relies on the assumption that members of a single CAZy family of GTs are invariably all retaining or inverting. See the supplemental material for outlines of cases where there are inconsistencies in functional assignments of GTs, which may reflect incorrect structures, incorrect prediction of mechanism from CAZy family membership, or unsuspected variation in the linkage catalyzed by different members of the same HG.
Our analysis highlights some areas of pneumococcal CPS biosynthesis where functional analysis is required or where efforts could be focused. Besides analysis of the specificity of the large numbers of GTs, these include studies of the biochemical reactions catalyzed by the putative GalE-like epimerase, Spr1460, and verification of the proposed AAT-Galp biosynthetic pathway. It would also be valuable to examine whether deletion of the chromosomal gene encoding the pneumococcal WbgY homolog (Spr1655) results in loss of the ability to produce the serotype 1 capsule, to determine whether the substrate of the IT, WciI, is GlcpNAc-P/GalpNAc-P and whether or not the substrate of the IT, WcjG, is Galp/Galf. Additionally, it would be valuable to determine the CPS structures for some of the 36 serotypes where these are unavailable, to reanalyze some of the older structures where the predicted functions of cps gene products do not correlate well with the existing structure (for example, serotype 31), and to reassess the presence of Cho-P in the CPS of serotypes 15F and 15C.
